An effect of membrane surface charge on mechanical properties of the phospholipid bilayer membrane and pores formation is considered. It is shown that the outer and inner surfaces of the phospholipid membrane is always subject to tension, regardless of magnitude and sign of the charges on its surface. This is due to the fact that the Debye length of the extracellular and intracellular electrolyte is always much smaller than the thickness of the membrane, and accordingly the electric field on the outer surface of the membrane is always much larger than the field inside the membrane. This result contradicts the generally accepted notion that a charged phospholipid membrane is similar to a charged capacitor in a dielectric medium and it is always subject to compression. Phospholipid bilayer membrane will be subject to compression only in a very weak electrolyte (~1mM/L), when Debye length is larger than the membrane thickness. It is also shown that the membrane surface charges lead to pore compression when the pore radius p R is larger than the Debye radius 
Introduction
Great number of experimental and theoretical work has been devoted to investigation of properties of cell membranes and penetration of ions through the membrane, see, for example, monographs [1] [2] [3] . Also many studies have been focused on ion transport through the cell membrane pore (see, for example, [4] [5] [6] ). To that end molecular dynamics approaches were used to model ion transport across the phospholipid membrane [7] and formation of pores on the phospholipid membranes located in the deionized water [8] .
The goal of this paper is to draw an attention to the role of conductivity of a solution in living organisms on the mechanical properties of the phospholipid bilayer membrane and to the formation of pores in it. All our calculations and estimates are made within the framework of the phenomenological theories developed in [9] [10] [11] , in which the phospholipid membrane of a cell is considered as a thin shell, described by the coefficients of surface and edge tension taken from the known experiments. Note, that dependence of the coefficient of the surface tension of the phospholipid membrane on the conductivity of the solution was also found experimentally [12] [13] [14] . The results obtained in this work are of a qualitative nature and amenable for experimental verification.
It is known that the surface of phospholipid bilayer membrane immersed into the electrolyte is charged negatively, since the heads of the phospholipids are always facing the positive charge outward (see, for example, [14] ). This fact was used in Refs [15, 16] to estimate the surface charge of the phospholipid membrane of cells. It was also shown, that ions motion along the membrane is restricted due to strong electrostatic interactions ions with phospholipid dipolar heads [15, 16] . In fact it was found that the ion binding energy is about several T k B (where T is the temperature, B k is Boltzmann constant. Note that the distribution of ions near the surface of a phospholipid membrane was calculated using molecular dynamics [17, 18] without considering the binding energy.
In the first part of this article we consider an effect of membrane surface charge on mechanical properties of the phospholipid bilayer membrane pore formation. It is shown that the outer and inner surfaces of the phospholipid membrane are always subject to tension, regardless of the magnitude and sign of the charges on its surfaces. This is due to the fact that the Debye length of the extracellular and intracellular electrolyte is always much smaller than the thickness of the membrane, and accordingly the electric field on the outer surface of the membrane is always much larger than the field inside the membrane Fig.1 . Expressions for forces, shown in Fig. 1 , acting on the inner and outer sides of the membrane have the form:
Note that in F it is always negative and (see (8) and (9)) .
This result contradicts the generally accepted opinion that a charged phospholipid membrane is similar to a charged capacitor in a dielectric medium, is always subject to compression [9] [10] [11] . Phospholipid bilayer membrane will be subject to compression only in a very weak electrolyte, when the ion density
, that is, almost three orders of magnitude less than the ion density into extracellular and intracellular liquids of living organisms. It has to be mention, that in the weak electrolytes membrane charge density is proportional to the ion density in electrolytes while in the strong electrolytes membrane charge density cannot exceed surface density of phospholipids in the membrane [15, 16] . Thus charge density of the membrane in DI water should be zero.
The rest of the paper is organized as follows. In Section 1 it is shown that the increase in the thickness of the double phospholipid membrane with increasing solubility of the solution, observed in [19] , can be explained by an increase in the surface charge density on the membrane. The same mechanism also [20, 21] . and axon radius, when the action potential passes [20, [22] [23] [24] [25] [26] [27] [28] [29] [30] .
In part 2 it is shown that taking into account the surface charge on the membrane makes it possible to explain the difference in the coefficients of surface and edge tension of phospholipid cell membranes [9, 11] .
In sections 3 and 4 we will consider effect of membrane surface charge on formation of pores. In these sections it will be shown that if the pore radius p R is greater than the Debye length D r , the surface charge prevents growth of pores, in opposite D p r R  , the collaps of pores is suppresed.
Charged phospholipid bilayer membrane of cell in electrolyte
Typical intracellular and extracellular ion densities are shown in Table 1 [31] . As an example let us consider muscle fibers having ion composition close to that of neurons [31] . In this case Debye length is In this case, the distribution of potential in the membrane is described by the Laplace equation, and outside of the membrane by the Poisson equation (Appendix A).
Since the potential difference,  (see Fig.1 ), between the electrolyte inside and outside of the cell varies from 0 to -0.09 V [32] , the surface charge on the membrane lies within [32, 33] , the half-thickness of the membrane h varies from 2.5 to 5 nm, one can argue that the contribution of  at the calculation of the potentials and fields can be neglected (see A6-A7) at:
In (3) With these parameters we have (see A6,A8,A11,A12):
That is, the energy associated with the presence of a charged phospholipid membrane (7) is mainly determined by the charge on it, that is, by the density and composition of ions in the electrolyte. The forces acting on the unit area of the outer and inner surfaces of the membrane are equal, respectively:
It can be seen that in F always directed into the cell, and Subtracting (9) from (8) and, assuming
, we obtain the value of the wedging force acting on the cell membrane:
It should be pointed out that tension force does not depend on the sign of charge on inner and outer surface of membrane. Table 2 : Table 2 : Dependence of tension pressure on the membrane surface charge in the case of
It was shown in [19] that the thickness of the double phospholipid membrane depends on the density of ions in the solution, which corresponds to an increase in the wedge forces when the surface ion density on the surface of the membrane changes. It should be pointed out that according to experiments [20, 21] the propagation of the action potential is associated with the increase of the membrane thickness. This effect can be explained by the changes in the surface charge on the membrane, and, correspondingly, by the increase in the wedging forces predicted by the current model. Total pressure acting on the membrane can be calculated as follows:
Let us turn attention to Eq. 13. The main negative ion in extracellular electrolyte is (Table 1) . Since  Cl is much smaller than intracellular ions and according to [15, 16] . А large number of experimental studies have shown that the action potential propagation is accompanied by fast and temporary mechanical changes. These changes include an axonal radius [22] [23] [24] [25] [26] [27] [28] [29] and pressure [24, 30] . According to this model a rapid change in the surface density of ions out  and in  associated with the ejection of ions as the action potential passes, leads to the appearance of uncompensated force  F (13) , which may alter the radius of the axon observed in Refs [22] [23] [24] [25] [26] [27] [28] [29] . 
Note that usually the cell membrane is considered as a capacitor in a non-conducting medium (see, for example, [9] [10] [11] ), and, accordingly, the charge on it leads to compression of the membrane with a force per unit surface equal to m F ,  .
Forces acting on the surface of the pore in the phospholipid membrane
According the conventional wisdom (see, for example, [34, 35] ), the pore in the phospholipid membrane has the form shown in Fig.3 . Tensile forces determine the curvature of the surface at the boundary of the pore, and constricting forces control the hole in the membrane. 
while contracting forces are:
In (22) and (23)  is the coefficient of surface tension of the membrane, h is the half of the thickness of the membrane, p R is the radius of the pore. According to [11] ,  lies within 2 to 4 mN/m, depending on the salinity of the electrolyte. Since intracellular and extracellular pH lies in the range 5.5 -8, it follows from [36] 
The following expression for the forces acting on the pore surface for the phospholipid membrane with nm h 5 . 2  is given in [11, 37] , obtained on the basis of experimental data [10, 13] , without taking into account the forces associated with the surface charge:
[N] 10 8 . 5 10 28 . 6
Accordingly, crirical pore radius can be estimated, nm 10  cr R . Note that in the next section, we show that such a strong difference in the first term of Eqs. (16) and (17) 
Forces acting on the surface of the pore in the phospholipid membrane immersed in electrolyte
Let us consider forces acting on a pore of a charged membrane shown schematically in Fig. 4 . We consider a case with surface charge on inner and outer surface being the same i.e.
. Note that the surface charge prevents pore closing if pore size is smaller than the Debay length. On the other hand if pore size is larger than the Debay length the cell membrane surface charge restrict pore growth. Recall that electrostatic repulsion of edges of the small pore is similar to effect of growth of a small hole in the electrolyte [34, 35] . 
Recall that the expression (18) Taking into account (15) , the force acting on the pore is equal to . It follows from (19) , that the surface charge of the membrane at which pores can not exist, is equal to: From (19) we find that the critical radius at which the pore will grow can be estimated as We note that the energy associated with the change in the pore size (accriding to Eq. 7):
This energy is much less than the work that should be done against the forces  F (see (23) Let us now consider pore in charged membrane which is immersed in electrolyte. In order to calculate the electrostatic forces acting on a pore let us consider a simplified model shown schematically in Fig. 5 . 
i.e. charge on the membrane leads to pore closing.
The question of the influence of the external field on the formation of pores in the membrane and their development requires special consideration and goes beyond the scope of this article.
On the critical size of the pore
In this Section we calculate the critical pore size of the phospholipid membrane.
Recall that the following formula was used in [9] [10] [11] for the energy of the pore: 
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Within this framework the pore formation can be described as shown schematically in Fig.7 . The third term in (28) corresponds to the change in the energy of the capacitor in a nonconducting medium (see (12) ). However such simple analogy might not be correct. This is due to the following two arguments: (1) in the dionized water the surface charge on the membrane equals zero, therefore third term in (28) has to be canceled out, and (2) in a strong electrolyte, energy of capacitor is given by formula (7). Note that the above analysis is correct when number of ions in a pore is large. Let us evaluate this assumption. According to Fig. 4 volume of a pore can be calculated as
Considering the ion density of about 
In the case of a critical pore radius of about 10 nm, number of ions in the pore space is about 300.
The mechanism described in this paper can be also related to relatively large pores responsible for transport of large molecules and ions such as water and H 2 O 2 [38, 39] . To this end surface charge and its modification in case of interaction of cell with plasma jet is important.
Recall that first term in right hand side of Eq. 31-33 asymptotically approaches zero as pore radius tend to zero. As such results described above are valid for pore radius h R  . Dynamics of small pores requires special consideration and goes above frameworks on this paper.
It should be pointed out that this model can be used to predict membrane changes as results of the plasma treatment. This is of particular interest for adaptive plasma platform [40] . To this end the present model can be implemented in predictive model argorithm as a part of adaptive approach.
Let us outline some possible experiments that can validate this model preductions. This includes measurements several key properties of the membrane such as mebrane thickness, pore size and ion transport. The disjoining forces acting on the double phospholipid membrane depend on the density of the surface charge on it, which in turn depends on the ion density in the electrolyte. As such changing the composition of the electrolyte and the density and composition of the ions in it, one can measure the dependence of the thickness of the double phospholipid membrane from the strength and type of ions in the electrolyte. In addition we have shown that presence of a surface charge on the membrane reduces the probability of nanometer pores formation. Therefore, as the density of the electrolyte ions increases, suppression of the molecular diffusion through the nanometer-sized membrane might be observed. The surface charge of the membrane depends on the type of ions . According to the model prediction the membrane should bend towards the lighter negative ions. 
